three fatty acid desaturase gene FAD3 (Bilyeu et al., 2003). GmFAD3A was also characterized as the most 
acid desaturases are members of an enzyme family charcan be identified with mutation-specific molecular markers in the F 2 acterized by the presence of a diiron cofactor which generation, and the low linolenic acid trait will be stably inherited in interacts with three regions of conserved histidine motifs subsequent generations.
in the protein (Shanklin et al., 1994) .
The low linolenic acid soybean line CX1512-44 was previously developed from a mutagenesis breeding pro-T he production of soybeans containing low linolenic gram (James Wilcox, pers. comm.) . Although dependent acid levels in the oil fraction is desirable for the on the environmental growth conditions, CX1512-44 seeds demands of modern markets. Through mutagenesis breedtypically contain about 3% (30 g kg Ϫ1 oil) linolenic acid, ing, a set of soybean lines has been developed with while wild-type lines contain about 7 to 10% (70-100 g lowered seed linolenic acid levels, and these lines have kg Ϫ1 oil) linolenic acid. On the basis of segregation analymutations at the fan locus (Wilcox and Cavins, 1985;  sis of the fatty acid composition phenotype of F 2 progeny Rennie and Tanner, 1991; Rahman et al., 1996) . Other from crosses between CX1512-44 and lines with wildlines have been described in which lower linolenic acid type linolenic acid levels, the low linolenic acid trait was phenotypes were generated, and the inheritance was presumed to be multigenic (data not shown). A genetic characterized as multigenic (Fehr et al., 1992 ; Rahman characterization of CX1512-44 has not been described in et al., 1997; Rahman et al., 1998; Takagi et al., 1999;  the literature. The objective of this work was to charac- Ross et al., 2000) . Successful incorporation of multiple terize candidate soybean FAD3 genes from low linolegenes at independent loci into elite lines would be ennic acid soybean lines and associate those alleles with hanced by the use of molecular markers specific for the the trait. We previously determined that soybean conmutated genes. Mutation-specific allele markers would also enable multigenic traits to be efficiently selected in tained three microsomal omega-3 fatty acid desaturase lines used for backcrossing into elite lines, decreasing the genes. We confirmed by sequence analysis that the three dependence on segregation of poor agronomic traits inher-CX1512-44 FAD3 genes were candidates for genetic ited from the mutated parent line with the desired trait.
lesions associated with the low linolenic acid trait. In Omega-3 fatty acid desaturase enzymes introduce the addition, we were able to associate the linolenic acid third double bond into linoleic acid precursors to prolevel phenotype and the FAD3 genotype for progeny duce linolenic acid precursors. We previously confirmed of crosses derived from CX1512-44. that the Fan locus was one of the three soybean homologs (GmFAD3A) of the Arabidopsis microsomal omega-
MATERIALS AND METHODS

Plant Growth
TCTCCATGGATTCTTGA). For genotypes with both copies The 3% linolenic acid line 2721 was an F 6 -derived line of GmFAD3A deleted, a single band was produced, whereas produced from a cross between Pana and CX1512-44. Line when GmFAD3A was present in one or two copies, three bands 2721 was homozygous for the CX1512-44 mutant alleles of were produced (one each for GmFAD3A reactions were incubated at 55ЊC, while GmFAD3C NcoI reacwhich only five seeds were used. F 4 seeds (n ϭ 3) from three tions were incubated at 37ЊC. Melting curve analsyis followed F 3 plants representing three independent aacc genotypes were restriction enzyme digestion of PCR products with parameters crushed and analyzed individually. The concentration of linof 70 to 90ЊC with 0.2ЊC increases and reads every 1 s. For olenic acid in the sample was determined as a percentage of GmFAD3A, wild-type alleles (100-and 48-bp products) prothe total fatty acids of the seed by lipid gas chromatography duced a peak at 78ЊC, mutant alleles produced a peak at 82.5ЊC of fatty acid methyl esters of extracted oil. Crushed seeds were (148 bp) and heterozygotes produced both peaks (148, 100, extracted in 0.5 mL (for chips) or in 1 mL (for single seeds) and 48 bp). For GmFAD3C, wild-type alleles (134-and 59-chloroform:hexane:methanol (8:5:2, v/v/v) overnight. Derivitibp products) produced a peak at 79.5ЊC, mutant alleles prozation of 0.5-mL chip solvent or 150-L single seed solvent duced a peak at 81.5ЊC (193 bp) and heterozygotes produced was done with 75 L methylating reagent (0.25 M methanolic both peaks (193, 134, and 59 bp) . In some cases, products were sodium methoxide:petroleum ether:ethyl ether, 1:5:2, v/v/v).
resolved on 1.5% (w/v) agarose gels. For single seeds, samples were diluted with hexane to approximately 1 mL. An Agilent (Palo Alto, CA) series 6890 capillary gas chromatograph fitted with a flame ionization detector mRNAs would produce prematurely terminated protein The CX1512-44 GmFAD3C gene was similarly cloned and sequenced. A single nucleotide polymorphism (SNP) sequences resulting from frameshifts in the coding region. Therefore, the single base mutation in the CX1512-44 was identified at base 383 (a383g) of the coding sequence that alters a codon for glycine to glutamic acid (G128E) GmFAD3A gene renders the desaturase enzyme nonfunctional.
RESULTS
within the conserved histidine-rich region 1b of the enzyme (Shanklin et al., 1994) (Fig. 2) . When the mutant The GmFAD3B gene from CX1512-44 was also queried for putative mutations. While several polymorpeptide fragment was used as a query in a search of GenBank (tblastn), all of the identified sequences conphisms were identified when the CX1512-44 GmFAD3B gene was compared with the genes from 'Pana' (Nickell tained a glycine in the CX1512-44-mutated amino acid position. Although the deleterious effect of this particuet al., 1998) and Williams 82, no highly conserved amino acids were affected by the changes. We assumed that the lar amino acid change has not been independently demonstrated biochemically, the high degree of sequence CX1512-44 GmFAD3B enzyme was functionally equivalent to a wild-type enzyme.
conservation implies functional significance of the region. The identified polymorphism allows unambiguous identiassociating with greater reductions in linolenic acid levfication of the CX1512-44 derived GmFAD3C allele. els than mutations in the GmFAD3C gene, consistent with GmFAD3A being the Fan locus (Bilyeu et al.,
Association of GmFAD3 Mutations with the 2003). The phenotype of the 2721 parent was completely
Low Linolenic Acid Phenotype recovered in the progeny with the aacc genotype. The phenotype of an individual was not sufficiently precise To investigate the association of the CX1512-44 deto predict the genotype, even when the standard deviarived GmFAD3A and GmFAD3C alleles with seed lintion for phenotype of the genotype group was small. olenic acid levels, 107 F 2 progeny of a Williams 82 ϫ
The overall reduction in linolenic acid levels contrib-2721 cross were profiled for phenotype and genotype.
uted by mutations in both GmFAD3A and GmFAD3C The line 2721 was an F 6 -derived line produced from a was 61 g kg Ϫ1 , from 89 to 28 g kg Ϫ1 linolenic acid. The cross between Pana and CX1512-44 that had undergone mutation of the two genes thus results in the elimination phenotypic selection and was homozygous for the of over two thirds of the linolenic acid present in the GmFAD3A and GmFAD3C alleles from CX1512-44
seed. Approximately half of the reduction was obtained (D. Sleper, personal communication, data not shown).
from substitutions of a wild-type allele to a heterozygous This CX1512-44-derived genotype is represented as condition and half from a heterozygous condition to aacc, while the corresponding wild-type alleles are rephomozygous mutant. By analyzing the differences in resented as AACC. Simple PCR-based assays were deaverage linolenic acid levels for each of the genotypes, veloped to distinguish mutant and wild-type alleles at the average reduction in linolenic acid levels for both the the two loci. F 1 plants were checked for heterozygosity GmFAD3A and GmFAD3C mutations was individually by the identified polymorphisms and grown in growth determined. As shown in Table 1 , the overall average chambers under defined conditions to produce F 2 seeds. difference in linolenic acid levels between lines with Individual F 2 seeds were chipped for fatty acid analysis wild-type (AA) or mutant (aa) GmFAD3A genes was and subsequently germinated to allow genotyping from 46 g kg Ϫ1 oil while the average differences between wildleaf tissue. An unequal, additive association was found type and heterozygous (Aa) or heterozygous and mutant for each copy of the mutation and the linolenic acid
GmFAD3A was approximately half the difference from level (Fig. 3) . A stepwise decrease in linolenic acid levels wild type to mutant. The overall average difference in occurred as mutant alleles replaced their wild-type counterparts, with mutations in the GmFAD3A gene linolenic acid levels was smaller for the GmFAD3C gene, To determine the variation in linolenic acid levels in aa 15.3 7.9 7.4 whole seeds derived from lines with specific genotypes for the FAD3 genes, four selected homozygous F 2 genotypes (aacc, aaCC, AAcc, and AACC) of the Williams and the differences between heterozygous and either wild type or mutant showed some bias for a larger linolenic 82 ϫ 2721 cross were analyzed for fatty acid phenotype of the F 3 seeds. For each genotype (except aaCC, see acid reduction from Cc to cc than CC to Cc. The range of values for linolenic acid levels in seeds segregating Materials and Methods), 10 F 3 seeds produced under our defined growth conditions were individually crushed with wild-type alleles was higher than the range for the low linolenic acid mutant allele-containing seeds, even and analyzed for fatty acid profiles (Fig. 4) . The association between the GmFAD3A and GmFAD3C genotype though all seeds were produced under defined conditions in growth chambers. The higher standard deviaand the linolenic acid phenotype for the F 3 seeds was consistent with the F 2 analysis. The trend toward higher tions for the lines with the highest linolenic acid levels and the relatively low number of F 2 progeny examined standard deviations as the linolenic acid levels increased was also apparent in the F 3 analysis. The average linole-(107) does not allow a rigorous testing of the significance of the bias for one allele-contributions.
nic acid level for the 30 aacc F 3 seeds comprised of three sets of 10 seeds produced on separate F 2 plants was Soybean lines developed with a fan mutation could be enhanced by a further reduction in linolenic acid con-27.3 g kg Ϫ1 oil, and the standard deviation was 1.8 g kg Ϫ1 oil. centration. To test the ability of the GmFAD3C mutation to further reduce linolenic acid levels in a line containing Another generation of seeds (F 4 ) representing three independent aacc homozygous genotypes was produced a fan mutation, an independent cross was made between the line A5 (fan fan) (Rennie and Tanner, 1991) and in greenhouse conditions, and whole seeds were analyzed for fatty acids. We had less control of growth 2721. The line A5 was previously shown to have a deletion encompassing the GmFAD3A gene (Bilyeu et al., conditions in the greenhouse relative to the defined conditions obtained from growth chambers. The low 2003; Byrum et al., 1997) . Sixty-two F 2 progeny were analyzed for linolenic acid phenotype and genotype.
linolenic acid phenotype was sustained in F 4 seeds, with linolenic acid values ranging from 25 to 33 g kg Ϫ1 oil The F 2 seeds were produced under the previously described growth conditions and chipped for fatty acid from individual F 4 seeds with an overall average linolenic acid of 29 g kg Ϫ1 oil. In seeds derived from the cross analysis before germination and genotyping.
As expected for segregation of different mutant albetween 2721 and Williams 82 that were homozygous for the GmFAD3A and GmFAD3C mutations, the low leles at GmFAD3A, but both mutant and wild-type alleles at GmFAD3C, the overall range of linolenic acid linolenic acid phenotype could be identified at the F 2 generation and stably inherited. levels was low (25-52 g kg Ϫ1 oil). For GmFAD3A, our assay was only able to distinguish two genotype classes: a class with the deletion of both copies of GmFAD3A DISCUSSION and a class that was either heterozygous or homozygous for the CX1512-44-derived GmFAD3A allele. We asHere we report the molecular genetic basis for the low linolenic seed trait in soybean line CX1512-44. Using a sumed the deletion of GmFAD3A and the CX1512-44-derived mutant alleles were equivalent, and we could candidate gene approach, we identified mutations in two of the three soybean microsomal omega-3 fatty acid not find significant differences (P Յ 0.05) in linolenic acid levels between lines belonging to the different desaturase genes that associate with a greater than two thirds reduction in seed linolenic acid levels. A compenclasses (data not shown). Segregation of the mutant GmFAD3C gene did produce significant differences in satory increase in linoleic acid was also associated with mutations in the FAD3 genes. While the splice-site mutalinolenic acid levels, as shown in Table 2 . The average difference in linolenic acid from CC to cc was 11 g kg Ϫ1 tion in GmFAD3A almost certainly abolishes the production of a functional enzyme, the biochemical repercussions oil with heterozygous differences approximately half of that value.
of the mutation in GmFAD3C are less clear. Dissection of the contribution of the two genes GmFAD3A (Fan) about 3% (30 g kg Ϫ1 oil) linolenic acid, a reasonable target level. The remaining enzyme activity from GmFAD3B and GmFAD3C revealed that the GmFAD3A mutation had a greater effect on linolenic acid level reduction and the chloroplast-targeted omega-3 fatty acid desaturases could be responsible for producing the residual than the GmFAD3C mutation (linolenic acid levels of 46 g kg Ϫ1 oil vs. 15 g kg Ϫ1 oil, respectively), consistent 3% seed linolenic acid level in segregating populations stabilized for the aacc genotype. Reductions of linolenic with repeated discovery of mutations at the fan locus (Wilcox and Cavins, 1985; Rennie and Tanner, 1991;  acid levels to 1% (10 g kg Ϫ1 oil) have been reported (Ross et al., 2000) . Rahman et al., 1996) . Smaller differences in linolenic acid levels would be much more difficult to detect in a Understanding the molecular basis for the low linolenic acid trait enhances breeding in soybean. Because phenotype-based screening program. Our results indicate a gradient of decreasing standard deviations for CX1512-44 contains a novel fan mutation in GmFAD3A and the first characterized mutation in GmFAD3C, samples as the linolenic acid level decreases, which may increase the efficiency of phenotypic screening for addibreeders can utilize CX1512-44 or its derived lines to further decrease linolenic acid levels in lines containing a tional mutations in lines with fan mutations (Takagi et al., 1999; Ross et al., 2000) . fan mutation only. In addition, the development of SNP markers specific to the two mutations should allow rapid In most cases examined, the contribution to the decrease in linolenic acid level of the mutant allele in a incorporation of the mutant genes into elite soybean lines, particularly if a backcrossing strategy is adopted. heterozygote was midpoint between the wild-type and fully mutant genotype. This result would fit well with a model of independent additive enzyme function, where
